The application of x-ray phase contrast computed tomography (PCT) to the field of tissue engineering is discussed. Specific focus is on the edge illumination PCT method, which can be adapted to weakly coherent x-ray sources, permitting PCT imaging in standard (non-synchrotron) laboratory environments. The method was applied to a prominent research topic in tissue engineering, namely the development of effective and reliable decellularization protocols to derive scaffolds from native tissue. Results show that edge illumination PCT provides sufficient image quality to evaluate the microstructural integrity of scaffolds and, thus, to assess the performance of the used decellularization technique. In order to highlight that edge illumination PCT can ultimately comply with demands on a high specimen throughput and low doses of radiation, recently developed strategies for scan time and dose reduction are discussed.
INTRODUCTION
The demand for organ transplantation has rapidly increased during the past decade. At the same time, a severe donor shortage and the likely rejection of transplant organs by the recipient prevent this demand from being met. Tissue engineering provides a potential solution as it aims to develop transplant organs by combining appropriate scaffolds and cells. An important research question is how to produce suitable scaffolds; evidence suggests that the scaffold microstructure, often considered a surrogate marker for biomechanical properties, and extracellular matrix composition are important factors.
1 Scaffold development can be classified into "synthetic" approaches, which exploit 3D-printing or moulding techniques to produce scaffolds from biodegradable polymers, and "natural" approaches, which derive scaffolds from cadaver tissue through decellularization protocols based on detergents and enzymes. The latter approach is often considered favourable for complex tissue due to the presence of native microstructure, biomechanical properties and matrix composition. The development of effective and reliable tissue decellularization protocols is an active area of research. Current work concentrates on developing "gentle" methods that remove all cellular material whilst maintaining the matrix microstructure. 3 To aid their development, and, more generally, to establish criteria for successful scaffold production, imaging of scaffolds after decellularization is needed. At present, electron microscopy is the standard analytic technique; however, it requires a destructive sample preparation; therefore, it is not suitable for volumetric analyses. Optical techniques are inappropriate due to the mandatory sample slicing/staining, as well as due to their limited penetration depth in tissue. The applicability of established 3D imaging modalities like magnetic resonance imaging (MRI) or x-ray-based micro-CT is also limited; MRI struggles to achieve the required spatial resolution (ideally micrometres) within feasible scan times, and micro-CT fails to achieve sufficient soft tissue contrast.
On the contrary, x-ray phase contrast tomography (PCT) has the potential to overcome these issues as it has a high penetration depth, is intrinsically a 3D imaging method, and can provide increased soft-tissue contrast. 4 The latter stems from the exploitation of phase effects, which are larger than attenuation ones within the diagnostic energy range and for materials with a small linear attenuation coefficient. 5 When appropriately processed, PCT images are quantitative and show the refractive index distribution within the sample. 6 Over the past two decades, PCT has been the focus of extensive research by various groups around the world, a major milestone being the adaptation to non-synchrotron, weakly coherent x-ray sources. 7, 8 This has simplified access to the technology and, thus, expanded its applicability to new areas, e.g. the rapidly growing field of tissue engineering.
In the following, the focus is on a specific PCT method (edge illumination) and its potential to be used for scaffold analysis following decellularization. The method has recently been applied to natural scaffolds derived from a range of complex organs, revealing a high image quality. 9 However, that study has concentrated primarily on synchrotron-based imaging, with only a minor focus on the potential for a translation into standard laboratory environments. In the following, a more in-depth discussion of the topic is provided. After a brief introduction to the method, results are presented which demonstrate that information relevant to the evaluation of decellularization protocols can be obtained. Finally, new imaging concepts currently under development and aimed at scan time and dose reduction are discussed.
EDGE ILLUMINATION X-RAY PHASE CONTRAST COMPUTED TOMOGRAPHY
The edge illumination method has initially been developed for planar imaging at synchrotrons, 10 where thin laminar beams are available. By aligning a laminar beam with the edge of a row of pixels, sensitivity to sample refraction (i.e. the macroscopic manifestation of the phase shift) is created, as the small deviation of x-rays induced by the sample causes an increased or decreased beam portion to hit the pixels and be detected. Unlike other x-ray phase contrast techniques, the edge illumination method is not based on interference; thus, it has relaxed coherence requirements and can be adapted to non-microfocal laboratory sources. 8 In order to fully Figure 1 . Schematic of a full-field edge illumination x-ray phase contrast tomography setup (seen from top).
exploit the cone beams produced by such sources, two masks are added to the setup. The first one ("sample mask") is positioned immediately upstream the sample and sections the cone beam into an array of beamlets, which are separated by a distance large enough to prevent them from interfering. The second one ("detector mask") is positioned in front of the detector and creates insensitive regions between pixel rows or columns. By introducing a relative shift between the two masks through a slight offset of the sample mask, each beamlet impinges on an "edge" of the detector mask, which effectively replicates the synchrotron configuration across an extended field of view. This full-field implementation of the edge illumination method is schematically shown in Figure 1 .
In order to quantify sample refraction, this must be separated from attenuation, with which it is inevitably entangled. This requires a second image to be taken after introducing a sample mask offset in the opposite direction, such that the beamlets impinge on opposite "edges" of the detector mask in the two cases. The application of adequate data processing methods (so-called "phase retrieval") 11, 12 then provides a refraction angle image, which is quantitatively described by: α(x) = d/dx δ(x, z)ds. Here, δ is the refractive index of the sample, and the integration extends along the direction of beam propagation.
The extracted refraction angle image features a line integral relationship between measurements and the sample refractive index, allowing tomographic principles to be applied. Thus, 3D images ("tomograms") can be obtained after data is collected at many rotational sample views covering a range of at least 180 degrees. Image reconstruction can be performed via standard methods, e.g. filtered back projection (FBP); however, since the refraction angle is a differential quantity, a special filter function (Hilbert filter) must be used.
APPLICATION TO TISSUE ENGINEERING: STRUCTURAL ANALYSIS OF DECELLULARIZED TISSUE
Edge illumination PCT is thus a means to obtain 3D images of weakly attenuating samples with improved image contrast. To demonstrate the benefit for the field of tissue engineering, a natural scaffold derived from a rabbit esophagus via the "detergent enzymatic treatment" (DET) decellularization protocol 13 was scanned with a laboratory-based imaging setup. To enable a structural comparison, a control specimen was also scanned; this was a rabbit esophagus which was not decellularized, but which otherwise underwent the same sample preparation as the scaffold, namely fixation in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) and critical point drying using CO 2 . For imaging, the samples were placed in a plastic cylinder.
The used experimental setup is described in detail elsewhere, 9 but it should be highlighted here that it was comprised entirely of commercially available equipment. The x-ray tube was a Rigaku MicroMax 007 HF x-ray tube with rotating molybdenum target and a focal spot with a horizontal dimension of approximately 70 µm (full width half maximum), operated at 25 mA and 40 keV (without any additional filtration), and the detector was a Hamamatsu C9732DK flat panel, a passive-pixel CMOS sensor with a pixel size of 50 x 50 µm 2 . Data were collected for 360 equally spaced rotational views of the sample over a total angular range of 180 degrees. At each rotational view, two images were taken with inverted sample mask offsets to enable the quantitative extraction of refraction angle images prior to tomographic reconstruction. At each rotation angle, the sample was also scanned with ten sub-pixel steps; data were collected at each step and successively combined. This procedure, often referred to as "dithering", allows increasing the spatial resolution beyond what is dictated by the demagnified pixel size.
14 Each frame was acquired with an integration time of 1.2 s. Tomograms were reconstructed via FPB with the Hilbert filter.
The results for the scaffold and the non-decellularized control specimen are shown in Figure 2 . Notably, all native anatomical layers of the esophagus (mucosa, sub-mucosa, muscularis propria, adventitia) can be detected in both images, providing confirmation of their presence and integrity within the scaffold. Intact blood vessels were detected in the submucosa and a clear demarcation was seen between the inner circular and outer longitudinal layers of the muscularis propria. The mucosal-submucosal separation, a surrogate marker for decellularizationassociated damage, could be detected across the entire circumference of a long segment of the scaffold, and was shown to be minimal.
This insight provides immediate valuable feedback on the applied decellularization protocol (DET), both in terms of its effectiveness and reliability, considering that a major challenge in the development of decellularization protocols is the removal of all cellular material while maintaining the native scaffold architecture.
CONCEPTS FOR SCAN TIME AND DOSE REDUCTION
The above results imply a strong potential of laboratory-based edge illumination PCT to benefit the field of tissue engineering. However, the ultimate impact and widespread use within this discipline depends on the achievable specimen throughput, as typically in biomedical research large sample numbers are encountered. A second success-defining aspect is dosimetry; while less important for the here presented analysis of cell-free scaffolds, for future investigations of cell behaviour on scaffolds, or for monitoring scaffolds post-implantation dose must be considered. Taking into account that reductions of scan time and dose typically come at the cost of a reduced image quality, the aim must be to minimize these parameters whilst maintaining an image quality that provides relevant analytical information. In the following, a review of currently developed imaging concepts for scan time and dose reduction is provided.
Until now, edge illumination PCT scans have been rather lengthy; for high statistic and high resolution imaging parameters (long integration times, several dithering steps) scan times of hours are not uncommon. This is primarily due to the flux limitation of non-synchrotron x-ray sources, especially when collimated by the sample mask. However, it is also due to the fact that two images are needed to extract refraction angle images prior to tomographic reconstruction. As discussed above, these images are taken at inverted offsets of the sample mask. In practice, the sample mask has to be moved at every rotational sample view, imposing an "interruption" of the acquisition which causes excessive overheads in addition to the detector integration time.
To overcome this issue, an alternative imaging concept ("reverse projection") has been developed. The reverse projection method had originally been devised for different PCT methods, 16, 17 but has recently been adapted to edge illumination data. 18 In brief, it exploits that two images acquired with a sample rotation offset of 180 degrees between them provide the same information as two images acquired with inverted sample mask offsets, allowing the extraction of the refraction angle from these data. As the physical movement of the sample mask at each rotational view is no longer necessary, the overheads caused by the mask shifts are eliminated, the only requirement being that data are acquired for a 360 degree sample rotation instead of a 180 degree one. This significantly simplifies the experimental procedure and enables more efficient (and thus faster) scans. A detailed description of the reverse projection method is provided elsewhere.
18 Figure 3 shows the result of applying the reverse projection concept to the scaffold data shown before. This is the same transverse sample slice as in Figure 2(a) , but now retrieved from images taken over a range of 360 instead of 180 degrees, at one offset position of the sample mask only. All other scan and reconstruction parameters remained the same. The tomogram has the same visual appearance as the one shown in Figure 2 (a), which is quantitatively confirmed by profile plots extracted horizontally across the central region of the scaffold (Figure 3(b) ). This agreement demonstrates that reverse projection retrieval is indeed a reliable means to extract the refraction angle image.
In this example, dithering, i.e. the acquisition of multiple images for sub-pixel sample shifts per view angle was applied, implying that effectively only the overheads caused by the sample mask movement are eliminated, while those caused by the dithering itself are still present. Note however that these data should be regarded as proof-of-principle for the applicability of reverse projection retrieval. Generally, when dithering is not needed (i.e. the spatial resolution provided by the demagnified pixel size is sufficient to resolve features of interest), the remaining overheads are also removed. Tomographic scans can then be realized with a continuous (rather than stepped and interrupted) sample rotation, implying that the overall scan time is a function only of the total detector integration time (plus a small contribution by the read-out).
X-ray phase contrast imaging has been shown in several instances to have low-dose imaging capabilities. 19, 20 This is often attributed to the fact that the refractive index decreases slower with energy than the linear attenuation coefficient (which is exploited in conventional x-ray imaging), thus permitting the use of higher x-ray energies, which reduces dose deposition. Nevertheless, the dose delivered during a PCT scan ultimately depends also on the exposure time per frame and the number of frames acquired. While edge illumination PCT can benefit from the use of higher energies, until now it has relied on the acquisition of a large number of frames. Specifically, the need of two frames to extract the refraction angle is a drawback. Although the above discussed concept of reverse projection eliminates overheads caused by the acquisition of these two frames, it does not reduce the overall number of images (data must be collected over 360 instead of 180 degrees). However, a new imaging concept has recently been developed which eliminates the need of a second frame altogether.
21 This so-called "single-shot" method is based on the assumption of a single-material object and small refraction angles, which are reasonable approximations for quasi-homogenous, soft tissue-based samples like naturally derived scaffolds. In brief, the method derives a relationship between edge illumination images and the thickness of the sample, which can be inverted via a Fourier filtering operation. This enables the retrieval of the thickness and, as this can be written as a line integral across the sample, tomographic reconstruction. Data demonstrating the single-shot imaging concept are not shown in this document, but can be found elsewhere.
21
Single-shot imaging is thus a means to halve the overall number of frames, implying a potential dose reduction by a factor of two. However, future studies are needed to determine whether the smaller data volume must be balanced by a correspondingly increased photon statistics to ensure that image quality is identical as in previous methods.
SUMMARY AND DISCUSSION
The potential of laboratory-based PCT for imaging applications in tissue engineering has been discussed. The specific focus was on the edge illumination PCT method and on the imaging of natural scaffolds obtained via decellularization, which is needed to evaluate the applied decellularization protocol. The presented results, i.e. tomograms of a decellularized esophagus and a non-decellularized control specimen, show high image quality, especially with regards to contrast and detail visibility. Notably, anatomical features such as the mucosalsubmucosal separation in the esophageal scaffolds could be identified. Native scaffold architecture was clearly visible and intact, allowing an assessment of the decellularization method used.
Besides these results, a new imaging concept enabling faster acquisitions via the elimination of overheads was discussed and applied to the scaffold data. It was highlighted that for samples for which the spatial resolution provided by the detector pixel size is sufficient, a continuous sample rotation can be performed. In such cases, scan time is determined only by the detector integration time, but is no longer constrained by physical translations of the sample mask or the sample itself.
Overall, the data shown can be considered additional key evidence for the potential benefit of PCT to the field of tissue engineering. A crucial difference between PCT and the gold-standard method currently used by the tissue engineering community to analyse scaffold microstructure (electron microscopy) is that it is nondestructive, which makes it a long-sought solution for imaging scaffolds prior to transplantation. While the above had previously been demonstrated through synchrotron experiments, the ability to perform scans in standard research laboratories could be the key step towards the practical use of PCT. For example, PCT could, already in the short term, become a tool for routine quality control of scaffolds produced via decellularization.
Longer-term goals could include the use of PCT for monitoring cell-scaffold interactions or scaffold behaviour and functionality in vivo after transplantation into live organisms, e.g. mice. Such applications will require further studies, primarily into the effect of radiation dose on cell fate. In this context, it should be noted that x-ray phase contrast imaging has been shown in several instances to have low-dose imaging capabilities.
19, 20
Furthermore, as discussed above, the recently developed concept of single-shot imaging holds promise for further dose reduction.
